DOI: will be assigned Stellar evolution considerations are of fundamental importance in our understanding of the axion/ALP-photon coupling, gaγ. Helium burning stars are the best laboratories to study this coupling. Here, we will review the bounds from massive and low mass helium burning stars, and present a new analysis of the bound from the horizontal branch stars. The analysis provides the strongest bound to date on gaγ in a wide mass range.
Introduction
For several decades stellar evolutionary arguments have provided an invaluable tool to understand various properties of light, weakly interacting particles, offering an alternative to terrestrial experiments and often providing even stronger bounds over wide regions of the parameter space. Some of the most successful examples include the study of nonstandard neutrino properties [1, 2, 3, 4] , majorons [5] , novel baryonic or leptonic forces [6] , unparticles [7] , extradimensional photons [8] , axions [9, 10, 11, 4, 12] and, in general, WISPs (Weakly Interacting Slim Particles) [13] .
Here, we are interested in the axions, and in particular in its coupling to photons
Standard (QCD) axions are expected to satisfy a simple relation between mass and coupling, (m a /1 eV) = 0.5 ξ g 10 , where g 10 = g aγ /(10 −10 GeV −1 ) and ξ is of order 1 in many motivated axion models. This defines the so called axion-line in the m a − g aγ plane. However, models of QCD-axions which do not satisfy this relation existed for a long time [14, 15, 16] . In addition, recently a considerable attention has been devoted to the so-called Axion-Like-Particles (ALPs), light pseudoscalr particles, coupled to photons as in Eq. (1) but not necessarily on the axionline. Such particles emerge naturally in various extensions of the Standard Model (for a recent review see [13] ) and are phenomenologically motivated by a series of unexplained astrophysical observations (see, e.g., [17] and references therein).
Several experiments are currently involved in the axion/ALP search. In particular, the CERN Axion Solar Telescope (CAST) [18] , a 3 th generation axion helioscope based at CERN, provides the strongest terrestrial bound, g 10 0.88, on light ALPs (m a < a few eV). A larger and more sensitive (4 th generation) helioscope, the International Axion Observatory (IAXO, [19] ), recently proposed, would allow the exploration of the parameter region about an order of magnitude below the current CAST bound on g aγ in a wider mass range.
However, the strongest current bounds on the axion photon coupling are derived from astrophysical considerations. In particular, the analysis of the evolution of intermediate mass stars, M = 8 − 12 M , leads to the bound g 10 ≤ 0.8, while the analysis of globular cluster stars provides the constraint g 10 ≤ 0.66. Both bounds apply to a wide mass range, up to a few 10 keV.
Helium burning stars and axions
Axions or ALPs with mass below a few keV could be produced in stellar interiors via the Primakoff process -the conversion of a photon into an axion in the electric field of nuclei and electrons in the stellar plasma [9] . The Primakoff process is particularly efficient in the core of He burning stars, at a temperature of about 10 8 K and density of 10 3 − 10 4 g·cm −3 . At higher temperatures, though the axions production increases, the pair neutrino process starts dominating and, by the time Carbon burning processes start, it becomes the main cooling mechanism of the star.
Stars of low and high mass show qualitative differences during the core He-burning phase and it is interesting to study them separately.
Massive stars: the Cepheids bound
Stars a few times more massive than the sun go through the so called blue loop phase while burning helium. This stage starts with a contraction during which the star becomes hotter (bluer), followed by a new expansion and cooling which brings the star back to the red region to the right of the HR diagram.
Interestingly, the beginning of the blue loop is fairly independent from the details of the core burning and it is fairly unaffected by axion emission, at least in the range of coupling of interest to us. However, the end of the loop depends on the amount of helium in the core. The presence of an efficient cooling mechanism speeds up the helium consumption and so can induce the loop to terminate early or even prevent it from starting. Though known for several decades (see, e.g., [20] ), this observation was applied to the axion case only recently [11] and it was shown that a value of g 10 0.8 would eliminate the blue loop evolution for all stars in the mass range M ∼ 8 − 12 M .
It is particularly interesting to note that the blue loop extends on the instability strip and so it is necessary to explain the existence of Cepheid stars, whose properties are well understood and very well measured. The absence of Cepheids of mass M ∼ 8 − 12 M would imply a gap in the observed oscillation periods (mass and period of a Cepheid are related), a fact which is not observed [11] .
The relation of this bound to the Cepheid stars makes it quite robust from an observational point of view, since the periods of these stars are very well measured. However, the numerical modeling does present various uncertainties, especially in relation to the convection prescription. Notably, some amount of overshooting would reduce the extension of the loop and eventually eliminate it. The perfect convection prescription is, unfortunately, not known. However, there are indications in favor a non-minimal overshooting (see, e.g., [21] ). If so, the Cepheid bound on the axion photon coupling could be somewhat lowered. A full analysis of the uncertainties in this bound is, at the moment, missing.
Low mass stars: the HB bound
Low mass globular cluster (GC) stars are also very efficient laboratories to study the axionphoton coupling. GCs, gravitationally bound systems of stars populating the Galactic Halo, are among the oldest objects in the Milky Way. Hence only low mass stars (M 0.85 M ) are still alive and, therefore, observable. A typical CG harbors a few millions stars, so that the various evolutionary phases are well populated and distinguished from each other. It was recognized early on that axions coupled to photons would significantly reduce the lifetime of stars in the horizontal branch (HB) evolutionary stage, corresponding to the core He burning phase, while producing negligible changes during the preceding red giant branch (RGB) evolution [10] . So, g aγ can be constrained by measurements of the R parameter, R = N HB /N RGB , which compares the numbers of stars in the HB (N HB ) and in the upper portion of the RGB (N RGB ). The original analyses of the axion bound from HB stars were based on the assumption that the measured R parameter is well reproduced, within 30%, by models of GC stars without including axion cooling. This approach, however, neglects the effects of the initial helium mass fraction Y which also affects the value of the R parameter. Quantitatively we found [12] ,
According to the above relation, even a considerable decrease of the HB lifetime caused by a large value of g aγ could be compensated by a suitable increase in the assumed He content. Because of this evident degeneracy, a proper evaluation of the axion constraint from the R parameter relies on our knowledge of the He abundance in the GCs.
This effect has been taken into account in our recent work [12] . In this new analysis, the recent data for the R parameter [22] have been compared with measurements of the helium mass fraction Y in GCs [23, 24] . The results are shown in Fig. 1 . The vertical lines indicate the 1σ and 2σ regions of Y and the dot-dashed vertical line the He abundance in the early solar system Y , provided here as a reference value (see discussion in [12] ). The bent curves show R ave and its 1σ and the 2σ ranges. The shaded area delimits the combined 68% CL (dark) and 95% CL (light) for Y and R. The vertical rectangles indicate the 68% CL (dark) and 95% CL (light) for g aγ . Previous bounds are also shown.
The resulting constrain g 10 ≤ 0.66 (at 95% CL) represents the strongest limit on g aγ for QCD axions and ALPs in a wide mass range.
Discussion and conclusion
Helium burning stars are an excellent laboratory to study the ALP-photon coupling and provide the strongest bounds in a wide mass range which extends up to a few 10 keV.
The analysis from massive stars, which provides the bound g 10 ≤ 0.8, shows an interesting connection between Cepheids and particle physics and could possibly be applied to other scenarios in the low energy frontier.
The recent analysis of globular clusters stars provides an even stronger bound, g 10 ≤ 0.66 at 95% CL, and, for the first time, an analysis of the uncertainties.
From the Figure 1 , it appears that a weakly coupled axion or axion-like particle could improve the relation between the observed R parameter and the helium mass fraction. However, the statistical significance of this result is very low and we prefer, for the moment, to use this analysis only to extract the upper bound on the coupling. Additional investigation may reveal if the effect is just due to poor statistics or indicates new physics. In any case, it is intriguing that the interesting parameter region is well in reach of the next generation experiments, notably ALPs II [25] and IAXO [19] .
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